Abstract Ethanol was produced from very high gravity mashes of dry milled corn (35% w/w total dry matter) under simultaneous saccharification and fermentation conditions. The effects of glucoamylase dosage, pre-saccharification and Saccharomyces cerevisiae strain on the growth characteristics such as the ethanol yield and volumetric and specific productivity were determined. It was shown that higher glucoamylase doses and/or pre-saccharification accelerated the simultaneous saccharification and fermentation process and increased the final ethanol concentration from 106 to 126 g/kg although the maximal specific growth rate was decreased. Ethanol production was not only growth related, as more than half of the total saccharides were consumed and more than half of the ethanol was produced during the stationary phase. Furthermore, a high stress tolerance of the applied yeast strain was found to be crucial for the outcome of the fermentation process, both with regard to residual saccharides and final ethanol concentration. The increased formation of cell mass when a well-suited strain was applied increased the final ethanol concentration, since a more complete fermentation was achieved.
Introduction
The production of fuel ethanol is increasing worldwide, with Brazil and the US as the largest producers. In 2003, their production was 14 and 12 (including Canada) million m 3 , respectively, out of a world total of 29 million m 3 (http://library.iea.org/dbtw-wpd/Textbase/speech/2004/lf_ biofuels_iea.pdf). In the US the major feedstock for the production of fuel ethanol is corn, and new production plants tend to apply the dry milling technology because of lower capital costs than in wet milling plants (http://www. bioproducts-bioenergy.gov/existsite/pdfs/drymill_ethanol_ industry.pdf). In dry milling whole corn kernels are milled and mixed with water yielding a viscous slurry, which is liquefied by heat treatment (jet cooking) and α-amylase (Fig. 1) . By increasing the level of dissolved solids, plant throughput is increased and thus very high gravity (VHG) technology (>30% w/w dissolved solids) is now commonly employed. To recycle water and nutrients, back-set stillage (the liquid fraction of beer after fermentation and distillation) is used in the mash preparation (Ingledew 1993) . The coarse particles are normally dried and sold as an animal feed [dried distiller's grain (with solubles); DDG/DDGS] rich in protein, fibre and vitamins (Ingledew 1993) .
Typically, the fermentations are carried out as simultaneous saccharification and fermentation (SSF), where glucoamylase and yeast (Saccharomyces cerevisiae) are added simultaneously (Fig. 1) . Some plants have a separate pre-saccharification step, where glucoamylase is allowed to function at 55-65°C for 2-4 h before cooling down to the fermentation temperature (30-35°C), after which the yeast is added (Ingledew 1993; Novozymes 2002) . However, although some savings on the enzyme dosage can be obtained (10-15%) with pre-saccharification, the trend in the dry milling industry is not to apply pre-saccharification. Arguments in favour of this are that the process is then simpler and there is less risk of contamination (Larry Peckous, Novozymes North America, personal communication).
As a consequence of applying VHG technology, very high concentrations of lower saccharides (mainly glucose, maltose and maltotriose) would be reached if the mash was completely saccharified prior to fermentation. High concentrations of lower saccharides expose the yeast to osmotic stress (Hounsa 1998 ) and even substrate inhibition (Thatipamala 1992) . By operating the fermentations as SSF this effect is reduced, since lower saccharides are released and consumed continuously throughout the process. Another consequence of VHG is a high final ethanol concentration which exposes the yeast to ethanol stress (D'Amore 1987) . Ethanol makes the plasma membrane more permeable to protons, and thereby increases proton influx and the ATP energy requirement for maintaining the intracellular pH (Piper 1995) . Stress tolerance varies greatly between yeast strains (D'Amore 1987; Hounsa 1998) , and thus welladapted strains of Saccharomyces cerevisiae are essential. Since the definition of stress can be based on changes in specific growth rate, viability or specific rate of fermentation, it is difficult to specify concentrations at which ethanol or osmotic stress commence (D'Amore 1987) .
Research on VHG and SSF technology has been published to a limited extent, mainly by the research group of Professor V. M. Ingledew, University of Saskatchewan, Canada (see Jaques et al. 2003 for extensive references). To the best of our knowledge, detailed characterisations (especially saccharide profiles) of the course of fermentation have not yet been published. In the present work, details like yields, specific growth rates, saccharide profiles and fermentation times in VHG SSF production like that used in industry of ethanol by S. cerevisiae from whole milled corn are presented. The influences of glucoamylase dose, pre-saccharification and yeast strain were investigated in high performance bioreactors.
Experimental fermentations using industrial corn mash, which has a high viscosity and contains coarse particles, are not straightforward. The high concentration of dextrins makes autoclaving of undiluted substrate impossible due to Maillard reactions and the particles hinder the determination of yeast biomass by filtering. In the present study these challenges were dealt with by working under sterile conditions only with the pre-culture (autoclaving a diluted medium). By keeping the jet-cooked medium and the fermentor as aseptic as possible, combined with a high inoculation level (1.0×10 7 cells/g), it was possible to avoid contamination. Yeast biomass was quantified by direct microscopic counting.
Materials and methods

Mash preparation
Whole ground corn and back-set stillage were kindly provided by the Central Minnesota Ethanol Co-op (Little Falls, Minn.). Equal amounts of tap water and back-set stillage were mixed with ground corn to a final dry matter content of 35% w/w. The pH was adjusted to 5.2 with HCl and NaOH and the slurry was heated to 85°C under agitation. The α-amylase (EC 3.2.1.1) Liquozyme SC [Novozymes, Bagsvaerd, Denmark; declared activity 120 kilo novo units-S/g (Stearothermophilus)] was added at a dose of 0.125 g/kg dry matter. After 20 min the slurry was jetcooked through a hydro-heater (Hydro-Thermal M103; Hydro-Thermal Corporation, Waukesha, Wis.) at 115°C and cooled to 85°C. A second dose of Liquozyme SC (0.208 g/kg dry matter) was added and the slurry was agitated for 1 h. The pH was adjusted to 4.2 for enzyme inactivation and after 20 min the liquefied slurry was cooled to ambient temperature and poured into 5-l plastic cans and stored at −20°C. The final extent of starch hydrolysis in the liquefied slurry was 20.7% dextrose equivalents as measured by the neucoproine method (Dygert 1965) , with the calculation based on total dry matter. 
Fermentation conditions
For pre-cultures, 300 g mash, 200 g tap water and 1.0 g urea was mixed and autoclaved (125°C, 15 min) in a flask equipped with sterile filters (0.22 μm). The flask was placed in a water bath at 32°C and one loopful of yeast colony from YPD plates was transferred. Spirizyme Plus was added through one sterile filter at a dose of 0.3 AGU/g dry matter. The flask was sparged with air through the sterile filters and magnetic stirring was applied. The precultures were grown for approximately 24 h.
For the fermentations a 5-l high performance bioreactor (Biostat B5; Braun Biotech International, Melsungen, Germany) was used. Prior to fermentation the dry fermentor was placed at 120°C for 30 min to minimize contamination. The fermentor was filled with medium to the 4-l mark and the exact amount was determined by weighing. Stirring was set to 300 r.p.m. After adjusting the temperature to 32.0°C and the pH to 4.5 (with NaOH), an amount of preculture yielding a final concentration of 1.0×10 7 cells/g medium was added to the fermentor along with the selected dose of glucoamylase and urea at a final concentration of 16 mM. When applying pre-saccharification, the medium was heated to 60°C and the enzyme and urea were added. The temperature was maintained for 1 h, and then cooling was programmed to end at 32.0°C, 1 h later, when the appropriate amount of pre-culture was added. The fermentor was sparged with sterile nitrogen at 0.8 l/min and the off-gas was passed through a condenser. Fermentations were run for 72 h.
Sampling and analyses
The pH was recorded on-line, but not regulated. Samples were withdrawn through a 5-mm sampling pipe. Two to five grams (exact weight measured) of sample was diluted to 500 ml and the yeast was counted in a Bürker-Türk cell counting chamber. Conversion from cell count to dry weight was done using a factor of 2.5×10 −11 g dry weight/ cell and assuming 49.3% w/w C in the dry cell mass (Jaques et al. 2003) . In the first experimental round (see Experimental plan) approximately 5 g (exact weight measured) of sample was added to 25 g of 0.12% w/w HCl (final pH<2), tightly capped and placed at 5°C. The dilution minimized the measurement error introduced by removing the insoluble particles. The acid was included to inactivate both yeast and enzymes, but it did not inactivate the acid α-amylase completely and hydrolysis therefore continued in the samples before analysis. In the second experimental round undiluted samples were quickly frozen (−20°C). The samples were thawed on ice and diluted as described, though 0.005 M H 2 SO 4 (HPLC eluent) was used instead of HCl. The diluted samples were equipped with tight-seal screw caps and inactivated at 100°C for 15 min. Prior to HPLC analysis all diluted samples were filtered through 0.22-μm membrane filters. The dilution not only facilitated filtration, but also minimized the measurement error introduced by removing the insoluble particles.
A Waters (Milford, Mass.) HPLC system with a Waters 717 Plus autosampler, Waters 515 pump and Waters 2410 RI detector was used for analysis of saccharide and metabolite contents in the fermentation medium. The pre-column was a Cation-H 30×4.6 mm from Bio-Rad (Hercules, Calif), and two Bio-Rad Aminex HPX 87-H columns placed in serial were used for separation at a column temperature of 60°C using 0.005 M H 2 SO 4 at 0.40 ml/min as eluent. Using two columns allowed for the separation of saccharides with different degrees of polymerization (DP). Measured components were DP 4+ (saccharides containing four or more glucose units), DP 3 (maltotriose), DP 2 (maltose), glucose, ethanol, glycerol, succinate and acetate.
Calculations
When converting concentration units from g/kg to C mol/ kg all DP 4+ were calculated as if they had the molecular weight of DP 4 . Overall yield coefficients were calculated based on start and end concentrations of products and total saccharides (sum of DP 4+ , DP 3 , DP 2 and glucose), respectively. The percentage of saccharides utilized was calculated as the end concentration of total saccharides divided by the start concentration of total saccharides. This calculation was only possible in the second experimental round, because the concentration estimate was offset in the first experimental round as described in Sampling and analyses. The recorded time of maximum ethanol concentration was defined as the time when at least 98% of the maximum observed ethanol concentration was achieved. The volumetric productivity was calculated as the maximum observed ethanol concentration divided by the time at which ethanol concentration was at a maximum as defined here. The specific ethanol production rate (C mol ethanol/ C mol yeast biomass per hour) in the exponential growth phase was calculated as r e =μ max Y xe =μ max Y se /Y sx , where μ max is maximum specific growth rate, Y se is yield of ethanol, and Y sx is yield of cell mass (both on consumed-substrate basis). Here, the yield coefficients were determined as the slope of a linear regression on corresponding pairs of substrate (total saccharides) and product concentrations in the exponential growth phase. In the deceleration and stationary phases r e was calculated as r e = (de/dt)/x, where de/dt was determined by fitting a thirddegree polynomial to the ethanol vs. time curve.
Experimental plan
In the first experimental round the effect of enzyme dosage and pre-saccharification on yields, specific growth rate and fermentation time was investigated. The strain used was the Fermiol Super HA. Without pre-saccharification the enzyme doses applied were 0.2, 0.3 or 0.4 AGU/g dry matter and with pre-saccharification they were 0.2 or 0.3 AGU/g dry matter. Duplicate fermentations were carried out.
In the second experimental round the effect of yeast strain on yields, specific growth rate, saccharide profiles and fermentation time was investigated. The enzyme dose was 0.3 AGU/g DM (dry matter) and no pre-saccharification was applied. All four yeast strains were tested.
Results
Effect of enzyme dosage and pre-saccharification
The growth curves of the Saccharomyces cerevisiae Fermiol Super HA (Fig. 2a) show that in all cases the cells grew exponentially for the first 8-10 h of the SSF process, and then there was a short deceleration phase and finally a stationary phase. The total saccharide concentration (Fig. 2b) started at around 250 g/kg and ended at around 25 g/kg, but the rate of consumption generally increases with increasing dosage and with pre-saccharification. The ethanol concentration ended at levels of between 106 and 126 g/kg with the volumetric productivity increasing with increasing dosage and with pre-saccharification. It is noteworthy that in the stationary phase (starting at 10-12 h, Fig. 2a ), more than half of the total saccharides (Fig. 2b) were consumed and more than half of the ethanol (Fig. 2c) was produced. The variability of the yeast count (coefficient of variaiton ∼10%) also reflects the difficulties of counting yeast cells when particles from the medium are present (Fig. 2a) . In all fermentations the pH decreased to a final value of 3.8-3.9. The growth characteristics from the fermentations were calculated and are summarized in Table 1 . Yields, Y sx , Y se , and Y sg and obtained cell count were not significantly changed in response to changed enzyme loading; the averages were 0.035, 0.61, 0.040 C mol/C mol, and 296 millions/g, respectively. μ max (range 0.21-0.28 h −1 ); maximum ethanol concentration (range 106-126 g/kg); the time at which the ethanol concentration was at a maximum (range 46-73 h); and volumetric productivity (range 1.4-2.6 g/kg/h) were significantly different at the 5% significance level (Table 1) in response to changed enzyme loading. Based on stoichiometric considerations, the CO 2 yield can be estimated by half of the ethanol yield, and thus the yields and suffix p indicates the fermentations with pre-saccharification sums to 0.99±0.04 C mol/C mol indicating a nicely closed C balance. The maximum specific growth rate was decreased with increasing glucoamylase dose and it also decreased when pre-saccharification was applied. The maximum ethanol concentration was increased with increasing glucoamylase dose (by 11-13%) and also increased with pre-saccharification (by 4-8%). The time at which the ethanol concentration was at a maximum decreased with increasing glucoamylase dose and also decreased with presaccharification. The specific ethanol production rate was on average 1.4±0.3 C mol/C mol per h in the exponential growth phase and quickly dropped to an average of 0.5± 0.2 C mol/C mol per h at 15 h and decreased to 0 at the individual times at which ethanol concentration was at a maximum. There was a significant difference (P=0.05) between the specific ethanol production rates in the experiments only in the interval of 10-20 h fermentation time. Data from this interval were collected in only three out of five duplicate experiments, and the averages were 0.3, 0.5, and 0.6 C mol/C mol/h for doses (AGU/g DS) 0.2, 0.4, and 0.2 with pre-saccharification, respectively. During the investigation of the varying enzyme dosage and/or pre-saccharification there were residual total saccharides at levels of 18-30 g/kg (Fig. 2b) . However, the HCl added for inactivation elutes with the DP 4+ peak and accounts for 8 g/kg. Another 5 g/kg can be accounted for by non-fermentable DP 2 (see Discussion). The resulting level of residual saccharides (5-17 g/kg) is comparable to that found by Thomas et al. (1993 Thomas et al. ( , 2001 ) under similar circumstances. The highest dose (0.4 AGU/g DS) without pre-saccharification resulted in the lowest level of residual saccharides (Fig. 2b) , and also resulted in the highest ethanol concentration obtained without pre-saccharification (Table 1) .
Effect of yeast strain
Representative examples of the course of the fermentations performed with different S. cerevisiae strains are shown in Fig. 3 . During the fermentations oligosaccharides (DP 4+ ) were broken down and peaks of first glucose and maltotriose and then maltose were observed. The maximum glucose concentration was around 40-45 g/kg. When comparing the course of fermentation of Red Star (Fig. 3a) and 227 Ng (Fig. 3b ) the major differences were-apart from that in obtained cell mass-that the glucose peak of the 227 Ng fermentation was longer lasting (peaking at 10 vs. 6 h) and the glucose concentration stayed at 15-20 g/kg through the second half of the fermentation compared to below 1 g/kg for Red Star. Furthermore, the maltose profile differed. In the fermentations with Red Star it peaked at 50 g/kg at 21 h (Fig. 3a) and it stayed high for a longer time than in the 227 Ng fermentation, where maltose peaked at 35 g/kg at 10 h. The time courses of Fermiol Super HA and CEN.PK fermentations were very similar to that of Red Star (data not shown), except that the glucose concentration during the second half of fermentations with Fermiol Super HA and CEN.PK stayed at 8-15 g/kg and final ethanol concentrations were correspondingly lower ( Table 2) .
All growth characteristics, except ethanol yield (average 0.62 C mol/C mol) were significantly different at the 5% significance level between the different fermentations ( Table 2 ). The CO 2 yield can be estimated by half of the ethanol yield, and thus the average yields total 1.00±0.02 C mol/C mol indicating a nicely closed C balance. Maximum specific growth rates were lowest for the CEN.PK and 227 Ng strains (0.23 h ), and highest for Fermiol Super HA (0.27 h −1 ). The cell mass yield (range 0.020-0.055 C mol/C mol) as well as the cell count (172-527 millions/g) was lowest for 227 Ng, medium for Fermiol Super HA and CEN.PK, and highest for Red Star. Glycerol yield (range 0.025-0.045 C mol/C mol) was lower for the CEN.PK strain and similar for the other strains. The CEN.PK strain did not only have a very low glycerol yield; it also had a markedly smaller cell size than the other strains as observed during microscopic counting (data not shown). The smaller size is not surprising, since CEN.PK.113-7D is haploid and industrial strains normally are polyploid. Therefore, the estimated cell mass concen- 
Discussion
From our results we could make a general observation that growth ceased, but metabolism continued, during the SSF process. This can be explained by the increasing ethanol concentration which resulted in the sum of stress factors exceeding the strain's tolerance level (D'Amore 1987) . In other words, the energy required for maintenance (primarily for ATP-dependent proton export) increases with increasing ethanol concentration until it equals the total ATP energy gained from glycolysis and ethanol formation, and growth ceases. This growth pattern is typically observed in VHG fermentations (Thomas et al. 1993 (Thomas et al. , 2001 . In this way ethanol is formed both during growth and during the stationary phase, although it is a primary metabolite. Using the same strain no difference in the cell mass obtained was found as a response to enzyme dose or pre-saccharification. However, there was a difference in maximum specific growth rates, which likely was related to osmotic stress, since higher doses and/or pre-saccharification decreased them.
The faster overall consumption of substrate and the faster overall ethanol production at higher enzyme doses and/or pre-saccharification could either be due to faster hydrolysis of the maltodextrin or due to the resultant saccharide profile making the yeast population produce ethanol faster. Based on fermentation profiles (Fig. 3) , both the glucose and maltose concentrations can be assumed to be well above the k m for glucose and maltose transporters (k m in the range of 0.2 and 1.4 g/l, respectively, as reviewed by Walker 1998) until late in the fermentations (>40 h). Therefore, the hydrolysis rate and thereby the substrate concentration should not be limiting for the saccharide uptake rate. Another explanation for the faster overall ethanol production could be a higher yeast cell mass, but cell counts of the stationary phases were not significantly different (Table 1) . One last explanation could be a higher specific ethanol production rate, which was actually observed in the10-to 20-h interval. The cause of the varying ethanol production rates is most likely the differing saccharide profiles, which is supported by the results of Devantier et al. (2005) , showing decreased maximum specific growth rate and higher specific ethanol production rate caused by high saccharide concentrations. Together these observations indicate that specific growth rate and specific ethanol production rate are not proportional as stated by Searle and Kirsop (1979) , but rather inversely proportional under the conditions studied. This implies that when improved processes or yeast strains are sought, a lower growth rate might actually be beneficial, as long as the ethanol production rate is high under the applied conditions.
Our results show that applying pre-saccharification saved roughly 0.1 AGU/g dry matter for the same performance (Table 1) . This corresponds to a 25-33% saving of enzymes, which is higher than the 10-15% observed at an industrial scale as mentioned in the Introduction. An explanation for this difference might be that it can take 16-20 h to fill an industrial fermentor. Often all or most of the enzymes and yeast are added in the beginning (Larry Peckous, Novozymes North America, personal communication), and thus the filling procedure to some extent can be regarded as similar to pre-saccharification. Within the ranges studied, higher glucoamylase doses improved the process performance. However, it is well known that plant design, process design, medium composition, etc. influence the effect and economics of enzyme dosage and presaccharification (Novozymes 2002), and therefore the most economical option is one that is plant dependent. The present results provide a good picture of the general effect of dose and pre-saccharification, and might thus assist in the plant-specific process optimization.
The average cell numbers in the stationary phase were 300-350×10 6 cells/g in the two experimental rounds, respectively. A comparable figure of approximately 320×10 6 cells/ml was observed in corn mash fermentations by Thomas et al. (2001) . The 227 Ng strain was clearly not suited to the VHG process as growth ceased at a very low cell mass concentration (172 millions/g) indicating a low stress tolerance. Although it had high productivity (2.5 g/kg/h) and yield (0.64 C mol/C mol), this was obtained at the cost of a low percentage (86%) of converted saccharides. Since glycerol production is connected to anaerobic growth (Oura 1977) and osmotic stress (Gustin 1998) , a high stress level in the 227 Ng strain was also indicated as its glycerol yield was among the highest (0.044 C mol/C mol) in spite of a low cell mass yield.
The performance of the Fermiol Super HA and CEN.PK strains was intermediate, with higher final ethanol concentrations than for 227 Ng. It is surprising that the laboratory strain performed this well, yet this has also been observed in synthetic medium by Devantier et al. (2005) . However, glucose remained after fermentations with both strains (8-15 g/l) indicating that metabolism stopped or slowed down before all saccharide was consumed. This high level of residual saccharide is not only a waste of substrate in economic terms, but it also creates problems in the downstream processing, e.g. in distillation and drying of the distillers dried grains (Larry Peckous, Novozymes North America, personal communication).
The Red Star strain performed the best, having the highest final ethanol concentration (130 g/kg) and the highest percentage of converted saccharides (97%). Also the cell mass yield was the highest (0.055 C mol/C mol), indicating that this strain was the least stressed under the given conditions. This means that even though a higher amount of C was bound into the cell mass, this investment was paid back by a more complete conversion of saccharides into ethanol. Also the Red Star leaves residual maltose (∼5 g/kg). However, this level of maltose could not be lowered by dilution and further glucoamylase treatment (data not shown). This level of residual disaccharide is a typical observation in many fuel ethanol plants (Dr Scott Kohl, ICM., personal communication) . Further analyses revealed that approximately half of the amount of detected disaccharide was isomaltose (data not shown), which cannot be metabolized by S. cerevisiae. The formation of isomaltose during enzymatic hydrolysis of starch is well known (Olsen 1995) , but obviously the formation of isomaltose and residual maltose/isomaltose are features which require further optimization.
In conclusion, it was shown that higher glucoamylase doses and/or pre-saccharification accelerated the SSF process and increased the final ethanol concentration, although the maximal specific growth rate was decreased. It was also shown that a high stress tolerance of the applied yeast strain is crucial for the optimal outcome of the fermentation. The increased formation of cell mass when a well-suited strain was applied did not decrease but increased the final ethanol concentration, since a more complete fermentation was achieved.
